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摘 要 
 
磷(Phosphorus，P)是海洋浮游植物生长的限制因子，影响海洋初级生产力。
东海原甲藻（Prorocentrum donghaiense，P. donghaiense）是引起我国近海有害藻
华的主要甲藻。目前有关磷对甲藻生长影响的研究已有很多报道，但主要集中在
生理生态层面，对甲藻在磷限制条件下及其补充响应的分子机理方面了解较少。 
本论文以 P. donghaiense 为研究对象，运用基于质谱的定量蛋白质组学技术
—串联质谱标记（Tandem mass tag，TMT），并结合相应的转录组数据，比较研
究了 P. donghaiense 在磷缺乏和不同形态磷补充条件下蛋白质的差异表达，鉴定、
筛选差异表达蛋白，确认参与磷调控的蛋白质及相关的生物学过程，从蛋白质组
角度探讨了东海原甲藻对环境中磷营养变动的适应和响应机制。主要研究结果如
下： 
（1）P. donghaiense 可适应一定程度的磷缺乏并能利用细胞内“储备磷”为
细胞生长和生存提供磷源。磷缺乏的 P. donghaiense 细胞对溶解无机磷（Dissolved 
inorganic phosphorus，DIP）和溶解有机磷（Dissolved organic phosphorus，DOP）
添加响应迅速，表明 P. donghaiense 细胞可能存在有机磷的高效利用机制，可利
用有机磷作为细胞生长的磷源； 
（2）磷胁迫条件下，P. donghaiense 细胞中的碱性磷酸酶（Alkaline 
phosphatase，AP）被大量诱导。细胞生长、磷浓度、碱性磷酸酶活性和光合系统
II 最大光化学量子产量的变化在无机和有机磷添加细胞中没有显著差异，表明 P. 
donghaiense 对 DIP 和 DOP 的利用没有显著差异。 
（3）运用 TMT 技术结合相应的转录组数据库从 P. donghaiense 中鉴定到
3,159 个可信蛋白质。蛋白质定量结果表明，P. donghaiense 中参与核糖体、剪接
体、RNA 转运、糖酵解等相关过程的蛋白质数量最多。 
（4）磷缺乏条件下，P. donghaiense细胞对DIP和DOP的添加响应迅速，蛋白
质组响应存在一定差异但并不明显。相较于磷缺乏的P. donghaiense细胞，添加无
机磷和有机磷后细胞中参与核糖体、类胡萝卜素代谢、卟啉和叶绿素代谢、次级
代谢产物生物合成等生物学过程的蛋白质表达上调；而参与溶酶体、淀粉和蔗糖
代谢等生物学过程的蛋白质表达下调，表明磷营养盐变动影响了东海原甲藻蛋白
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质合成、光合作用、能量代谢。添加无机磷后，氮代谢以及丙氨酸、天冬氨酸和
谷氨酸的代谢过程加强，而添加有机磷后，光合生物固碳和糖酵解过程加强，表
明P. donghaiense细胞对无机磷和有机磷的响应机制存在一定差异。  
（5）确认了参与磷代谢的蛋白质，包括碱性磷酸酶、磷酸二脂酶、5’-核苷
酸酶、核酸酶、腺苷三磷酸酶（ATPase）、ABC 转运蛋白等，这些蛋白质在 P. 
donghaiense 细胞适应磷缺乏和响应磷补充方面起着重要作用。此外，I 型脂肪酸
合成酶仅在添加有机磷的细胞中表达上调，可能促进了生物膜的合成以及对有机
磷的利用。 
 
关键词：甲藻；东海原甲藻；磷；定量蛋白质组学 
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Abstract 
 
Phosphorus (P) is a limiting factor for the growth of phytoplankton as an essential 
nutrient, and plays a key role in regulating marine primary production. Prorocentrum 
donghaiense (P. donghaiense) is one of the key dinoflagellate species causing extensive 
bloom along the coast of China. Although many studies have been devoted to 
physiological response of dinoflagellates to ambient phosphorus change, however, little 
is known concerning the molecular mechanisms. 
This study investigated proteomic response of P. donghaiense to ambient 
phosphorus change using the mass spectrometry-based quantitative proteomic approach 
combining the corresponding transcriptomic database, identified differentially 
expressed proteins, characterized P-related proteins and biological processes, and 
discussed the adaptive response mechanism of P. donghaiense to ambient P change. 
The main results were as follows: 
(1) P. donghaiense cells were able to tolerate a certain degree of P depletion and 
were able to utilize intracellular “stored P” to maintain cell growth and physiological 
functions. Response of P-deplete P. donghaiense cells to P-resupplement was rapid, but 
no significant difference was observed in cell growth between dissolved inorganic P 
(DIP) and dissolved organic P (DOP) resupplements, indicating P. donghaiense might 
possess high efficient organic P utilizing syetem which enabled cells to utilize organic 
P as P sources. 
(2) Alkaline phosphatase (AP)-a kind of inducible enzyme, was induced in P-
depelte P. donghaiense cells. No significant differences were found regarding cell 
density, variations of P concentration, AP activity and maximum chlorophyll 
fluorescence quantum yield of the photosynthetic system II between inorganic and 
organic P resupplied cells, indicating that P. donghaiense was able to utilize both DIP 
and DOP equally. 
(3) In total, 3,159 proteins were confidently identified in P. donghaiense using 
quantitative proteomic approach combined with the transcriptomic data. Among them, 
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proteins involved in ribosome, spliceosome, RNA transport, glycolysis/ 
gluconeogenesis were high abundant. 
(4) Protein response of P-depleted P. donghaiense cells to DIP and DOP-
resupplement was rapid. Proteins involved in ribosome, carotenoid biosynthesis, 
porphyrin and chlorophyll metabolism, biosynthesis of secondary metabolites were up-
regulated while proteins participating in lysosome and starch and sucrose metabolism 
were down-regulated in P-ressupplied cells, indicating that ambient P change affected 
protein synthesis, photosynthesis and energy metabolism. In addition, proteins involved 
in nitrogen metabolism and Alanine, aspartate and glutamate metabolism were up-
regulated in DIP-resupplied cells while proteins participated in carbon fixation and 
glycolysis / gluconeogenes were up-regulated in DOP-resuppled cells. These results 
indicated that response of P. donghaiense to inorganic and organic P resupplement was 
different. 
(5) Proteins related to P metabolism were identified in P. donghaiense, such as AP, 
phosphodiesterase, 5’-nucleotidase, nuclease, ATPase and ABC translocator. These 
proteins played important roles in adapting ambient P-depletion and responding to P-
resupplement. In addition, one protein, Type I fatty acid synthase was up-regulated only 
in DOP-resupplied cells, which may promote the synthesis of biological membrane and 
the use of DOP. 
 
Key Words: Dinoflagellate; Prorocentrum donghaiense; Phosphorus; Quantitative 
proteomics 
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缩略词表 
Abbreviation 
Abbreviation English name Chinese name 
2D-DIGE 
Two-dimensional difference gel 
electrophoresis 
荧光差异凝胶双向电泳 
2-DE 
5’-PN 
Two dimensional electrophoresis 
phosphate5’-nucleotidase 
双向电泳 
5’-核苷酸酶 
ACN Acetonitrile 乙腈 
AP 
APA 
Alkaline phosphatase 
Alkaline phosphatase activity 
碱性磷酸酶 
碱性磷酸酶活性 
ATP Adenosine triphosphate 三磷酸腺苷 
BSA Bovine serum albumins 牛血清蛋白 
DIP Dissolved inorganic phosphorus  溶解无机磷 
DNA Deoxyribonucleic acid 脱氧核糖核酸 
DOP Dissolved organic phosphorus  溶解有机磷 
FA 
G-6-P 
Formic acid 
Glucose-6-phosphate 
甲酸 
葡萄糖-6-磷酸 
GO Gene Ontology 基因本体注释 
HABs Harmful Algal Blooms 有害藻华 
HGT Horizontal gene transfer 基因横向转移 
HPLC High performance liquid chromatography 高效液相色谱 
iTRAQ 
Isobaric tags for relative and absolute 
quantitation 
同位素标记相对和绝对定量 
KEGG Kyoto Encyclopedia of Genes and Genomes 京都基因与基因组百科全书 
MUF 4-Methylumbelliferyl 4-伞基酮荧光素 
MUP 4-Methylumbelliferyl 4-伞基酮磷酸盐 
P Phosphorus 磷 
Pi Orthophosphate 正磷酸盐 
PP Particulate phosphorus 颗粒磷 
RNA Ribonucleic acid 核糖核酸 
SCX Strong cation exchange 强阳离子交换 
SNP 
SRP 
Soluble nonreactive phosphorus 
Soluble reactive phosphorus 
溶解态非活性磷 
溶解态活性磷 
TCA Tricarboxylic acid 三羧酸 
TDP 
TMT 
Total dissolved phosphorus 
Tandem mass tag 
总溶解态磷 
串联质谱标记 
Tris Hydroxymethyl aminomethane 三羟甲基氨基甲烷 
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第一章 前言 
 
1.1 甲藻及其藻华概况 
1.1.1 甲藻的基本特征 
甲藻是海洋和湖泊中广泛分布的一类浮游植物，海洋中的甲藻种类较多，
尤其以热带海洋最多。大多数甲藻为游动的单细胞生物，外形有多种，细胞常
呈球形、针形、梭形、卵圆形等，常有背腹之分，背腹扁平或左右侧扁[1]。大多
数甲藻种类具有一条横沟和一条纵沟，纵、横沟内各有一条鞭毛，所以又常被称
为“双鞭毛虫”或“双鞭毛藻”[2]。甲藻的繁殖方式以细胞分裂为主，极少数不
运动的种类则产生动孢子或似亲孢子[1]。 
甲藻细胞一般裸露或具纤维质细胞壁。光合作用色素包括叶绿素 a、叶绿素
c 和 β-胡萝卜素，此外还有甲藻特有的甲藻素（Phycopyrrin）和多甲藻素
（Peridinin），因此藻体一般呈红褐色。贮存物质为淀粉和油滴。大多数甲藻的原
生质体内含有一个特殊的细胞核，染色质排列成串珠状。有的种类细胞核不含碱
性蛋白。所以有学者认为，甲藻是介于原核生物和真核生物之间的间核生物
（Mesocaryon）。也有些学者将甲藻门归入为原生动物中的鞭毛虫纲[1, 3]。 
在海洋中，甲藻可通过光合作用，合成大量有机物，是重要的初级生产者
和食物链（网）的重要组成部分，在海洋生态系中占有极其重要的地位[4]。甲藻
合成有机物的能力可作为海洋特别是近海初级生产力的指标，甲藻也是海洋小型
浮游动物的主要饵料之一。甲藻除具有重要的生态作用外，近年来由甲藻引起的
一系列环境问题也引起了人们的高度重视。 
 
1.1.2 甲藻藻华 
有害藻华（Harmful algal blooms，HABs）是危害海洋生态环境和威胁人类健
康的一种海洋灾害。它是海水中某些微藻、细菌或原生动物，尤其是甲藻等在一
定的环境条件下爆发性增殖或聚集在一起而引起水体变色的一种生态异常现象
[5]。研究表明，甲藻是引起有害藻华最主要的物种之一[6]。据报道，全球范围内
能形成有害藻华的甲藻有 93-127 种，其中 45-57 种能够合成多种毒素[4]。这些毒
素不仅能直接导致鱼、虾和贝类等死亡，而且能引起食物链中更高级的鸟类，哺
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